This paper presents a model with ellipsoidal scatterers for applications to polarimetric remote sensing of anisotropic layered media at microwave frequencies.
This paper presents a model with ellipsoidal scatterers for applications to polarimetric remote sensing of anisotropic layered media at microwave frequencies.
The physical configuration includes an isotropic layer covering an anisotropic layer above a homogeneous half space. The isotropic layer consists of randomly oriented spheroids. The anisotropic layer contains ellipsoidal scatterers with a preferential vertical alignment and random azimuthal orientations. Effective permittivities of the scattering media are calculated with the strong flucutation theory extended to account for the nonspherical shapes and the scatterer orientation distributions.
On the basis of the analytic wave theory, dyadic Green's functions for layered media are used to derive polarimetric backscattering coefficients under the distorted Born approximation.
The ellipsoidal shape of the scatterers gives rise to nonzero cross-polarized returns from the untilted anisotropic medium in the first-order approximation. Effects of rough interfaces are estimated by an incoherent addition method. Theoretical results and experimental data are matched at 9 GHz for thick first-year sea ice with a bare surface and with a snow cover at Point Barrow, Alaska. The model is then used to study the sensitivity of polarimetric backscattering coefficients with respect to correlation lengths representing the geometry of brine inclusions.
Polarimetric signatures of bare and snow-covered sea ice are also simulated based on the model to investigate effects of different scattering mechanisms. Kong, 1985] , and isotropic-anisotropic layered [Borgeaud et al., 1986] configurations. Fully polarimetric scattering coefficients have also been calculated for isotropic [Borgeaud et al., 1987] and anisotropic [Borgeaud et al., 1989 ] layered configurations.
In these models, scatterers are spherical or spheroidal and crosspolarized returns come from second-(or higher-) order [Zuniga et al., 1980] or tilted anisotropy [Lee and Kong, 1985] . For denser or less tenuous media the Born approximation needs to be improved. The distorted Born approximation has been applied to random medium modeling [de Wolf, 1971; Rosenbaum and Bowles, 1974; Lang, 1981] . This approx- et al., 1993; Yueh et al., 1990] . In the anisotropic medium (region 2), ellipsoidal scatterers have a preferential alignment resulting in the effective anisotropy.
The effective permittivity tensor of the scattering anisotropic medium will be calculated in this section for the ellipsoids with vertical alignment and random azimuthal orientations.
In an inhomogeneous medium such as sea ice, sea water is trapped in an ice medium in the form of brine inclusions which are ellipsoidal as observed in horizontal thin sections and vertical micrographs of sea ice [Weeks and Ackley, 1982; Gow et al., 1987] .
The ice tends to grow vertically downward rendering the ellipsoidal inclusions aligned preferentially in the vertical direction.
In the absence of sea currents, crystallographic c axes are randomly oriented in azimuth as seen in Figure 2 , which depicts 3' II c-axis 
where the quantities Do(k-'), r-, 2 k 2 De(k ), kgp, and 9z are given by the following equations for angular frequency to and permeability/_0: 
As in (2), the effective permittivity tensor has been approximated by truncating the series in the renormalization method [Tsang et al., 1985] . The validity condition for the approximation is [[_eff(k-) ]ljm<< 1, where index j or m can be x, y, or z.
The ellipsoidal scatterer is described with a normalized local correlation function of the form
with correlation length Ix,, /y,, and Iz, in the local coordinates corresponding to the minor, the meridian, and the major axes of the scatterer, respectively. In this model, the correlation lengths are related to the effective size and shape of the scatterers. This local correlation function can be reduced to a spheroidal shape for two equal correlation lengtha and to a spherical shape for three identical correlation lengths. Applying the Fourier transform in (5a) yields lx,ly,I z,
For random horizontal orientations with no preference in azimuthal direction, the probability density function of orientation is simply
To calculate the effective permittivity tensor according to (2), _g and (S) need to be determined. Because of the global azimuthal symmetry, auxiliary permittivity _a in coordinates (x, y, z) is uniaxial, as indicated previously, and the elements in [g are subject to the condition (_) = 0 such that 0 _z' 0 001)
Local quantities _x', soy ' , and _z' in (7) 
where e can take on the value of es in a scatterer or eb in the background medium. From (7) and (8), egp and eaz can be rewritten as
respectively. The average dyadic coefficient (S) in the global coordinates is obtained by the averaging integration over the probability density function of orientation:°°0 ],
Coefficients Sx,, Sy,, and S z, are derived from the secular elimination condition [Tsang and Kong, 1981a] 
27regza_; a eo + Sy, (eb -egp) In (11) the integrations over 4, can be carried out numerically, and quantities a, Yx, and yy are defined 
where Ix,, ly,, and I z, are obtained by comparing (14) to (3). In (14), variance fi_,, 6_y,, and 6¢z, are
given by
_,x, = _0+_.7-;7-.,_i "-s..)
respectively. As observed from (14), expressions
for Ix,, Iy,, and I z, are necessary to complete the derivation of the anisotropic effective permittivity.
The result for I z, is
For I x , the result is expressed as follows:
The result and 1_ as
for ly, can also be written in terms of I_ 
where Vi is the volume occupied by region 1 and V2 is the volume occupied by region 2. 
which is expressed in the global coordinate system (k, _9, _) and related by Eulerian rotation transformation _', which is determined by (1), to the following nonzero correlations in the local coordinate system (k', 33', _'):
(1)Z,z,z,(_') = t_2z,z,z,z,(_'
where _(z(/3') is given in (5b), which is the Fourier transform of (5a), and variance values of 82 in (23) 
(_,_,-_2)2(_,-, -,,:._)2(_,., _ ,,:pq) 
In (30) the pole K2 is computed with the following equations: length Is = 1.5 cm as depicted in Figure 6 , where all other physical parameters are the same as in Figure  4 . The rough-surface contribution, calculated with the small perturbation method (SPM) [Tsang et al., 1985] , is incoherently added to the volume scattering. The comparison between theoretical and experimental results for the copolarized returns is improved at the low incident angles as seen in Figure 7 . For this surface the additional contribution to the cross-polarized return is small and is actually ignored in the SPM model applied in this case. The crosspolarized return therefore remains unchanged.
The configuration for snow-covered sea ice is shown in Figure 8 . The snow is 10 cm thick accord- et al., 1990] between horizontal and vertical returns are calculated for the volume expansion and contraction with the same factor of 1.53
The results are plotted in Figure  10 . 
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polarized ratio e = trhv/Crhhas shown in Figure 10 . This is because the depolarization is caused by the nonspherical shape of the scatterer, which is kept unchanged. For correlation coefficient p, the results show that horizontal and vertical waves become more correlated as the correlation volume increases. For larger volume of the scatterer, the sea ice medium is more lossy and the wave path is effectively reduced. Consequently, the anisotropic effect causing the decorrelation between horizontal and vertical waves is weakened.
When correlation length ratios are varied while the volume of an individual scatterer and the total fractional volume are kept constant, the scatterer shape is deformed and the number of scatterers remains unchanged.
For the same vertical correlation length lz,, horizontal correlation lengths are now modified by a factor of 1.5 to thicken and to thin the scatterer as indicated in Table 1 . In Figure   11 , copolarized returns are rather insensitive, since the horizontal cross section of the scatterer is not varied (lx,l z, = 0.175 mm2). It is seen in Figure 11 that the cross-polarized ratio is strongly dependent on the scatterer shape. The depolarization effect is more prominent, as the scatterer is further deformed from the spheroidal shape. For the magnitude of p, the variation is larger at small incident angles where the scatterer shape is more different as compared to the cases at large incident angles. The phase of p started from 0°at normal incidence due to the azimuthal symmetry [Nghiem et al., 1992] and increases with incident angles. Also, the absolute value of the phase is larger for the thicker scatterer since the anisotropy is stronger.
While the correlation length ratio Ix,/ly,, the number of scatterers, and the fractional volume are not changed, the scatterer is elongated and shortened by varying vertical correlation length Iz, by a factor of 1.5. Figure 12 presents results for these cases compared with the reference case. There are large changes in copolarized returns due to the corresponding differences in the horizontal cross section of the scatterer. The variation in the cross-polarized ratio is small, since horizontal correlation length ratio lx,/ly, is not varied. The magnitude of p differs more at large incident angles, where the shape difference is more significant. The phase of p is closer to zero as the scatterer becomes shorter and the sea-ice medium approaches the isotropic condition. As shown in this subsection, scatterer volume and horizontal cross section affect the level of copolarized returns. The depolarization effect characterized by cross-polarized ratio e is controlled by the scatterer shape. The ellipsoidal shape of the scatterer with a preferential alignment in the vertical direction is also responsible for the anisotropy of the medium and, consequently, the behavior of complex correlation coefficient p between horizontal and vertical returns.
Polarimetric simulation
To investigate how polarization signatures relate to the corresponding covariance matrices and convey information regarding different layered configurations and scattering mechanisms, polarimetric data are simulated for sea ice with a bare surface and with a snow cover at different incident angles. Definitions and characteristics of covariance matrix and polarization signature can be found in references [Nghiem et al., 1990; van Zyl and Zebker, 1990 ]. The configurations under consideration are in Figure 4 for bare sea ice with a smooth surface, in Figure 6 for bare ice with a rough surface, and in Figure 8 for snow-covered sea ice. As a result of the azimuthal symmetry of the scattering configuration, the covariance matrix has the form of [Nghiem et al., 1992] 
where the copolarized ratio is 1, = tr_v/trhh. Note that covariance matrix (? (without subscri_kat) should be distinguished from correlation tensor C_n which is tagged with subscript _, corresponding to correlation function @_ and subscript n for region n = 1, 2. Elements of the covariance matrix ar,e used to calculate the Mueller matrix and to obtain the polarization signature o(t_r, ,StÁ a i, _i) [Nghiem et al., 1990; van Zyl and Zebker, 1990] for polarization angles t_ and oQ and ellipticity angles/3r and/3i of the received (r) and the incident (i) waves, respectively. For a copolarized signature, a_ = ai = a and /3_ =/3;=/3. Normalized copolarized signatures denoted by o., [Nghiem et al., 1990] for bare sea ice with smooth and rough surfaces at incident angles of 20°and 45°a re presented in Figure 13 . At Ooi = 20°, signatures for smooth sea ice due to volume scattering and for rough sea ice due to surface scattering are similar because both covariance matrices have 3' close to unity, small e, and p with small phase as seen in Figure 14 . However, [Pl shown in Figure 14 is distinctively smaller for the volume-scattering mechanism with smooth surface. At Ooi = 45°for both smooth-and rough-surface cases, volume scattering is dominant and correlation coefficients with larger phase give rise to signatures in Figures 13c  and 13d with more distortion compared to those at 20°. For snow-covered sea ice, Figure  14 reveals that IPl is closer to unity, and the phase is smaller at incident angles of 20°and 45°. Thus the corresponding signatures for the snow-covered sea ice in Figure  15 have much less distortion due to the rough surfaces and the isotropic snow layer which mask the anisotropic information from the lower sea-ice layer at the X band frequency. Boundary effects due to snow cover can also be seen with the oscillations in the phase of/9 in Figure 14 .
SUMMARY
In this paper a model has been developed to account for ellipsoidal shapes of scatterers in aniso- 
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